ABSTRACT Toll-like receptors (TLR) mediate immune responses via the recognition of pathogen-associated molecular patterns, thus playing important roles in host defense. Among the chicken (Ch) TLR family, ChTLR1, 2, 4, 15, and 21 were shown to recognize bacterial components. In our earlier study, we reported polymorphisms of TLR1, 2, and 5. In the present study, we cloned TLR4, 15, and 21 genes from different chicken breeds and analyzed their sequences. We identified 9 amino acid polymorphism sites in ChTLR4 with 8 extracellular domain sites and 1 site in the cytoplasmic domain, 15 amino acid polymorphism sites in ChTLR15 with 14 extracellular domain sites and 1 site in the cytoplasmic domain, and 7 amino acid polymorphism sites in ChTLR21 with 5 extracellular domain sites and 2 sites in the cytoplasmic domain. These results demonstrate that ChTLR genes are polymorphic among different avian breeds, suggesting a varied resistance across numerous chicken breeds. This information might help improve chicken health by breeding and vaccination.
INTRODUCTION
Bacterial diseases pose serious threats to the poultry industry. However, the use of antibiotics to combat bacterial diseases in poultry has resulted in medication residuals and increased bacterial antibiotic resistance. Therefore, improving the genetic resilience of poultry to these opportunistic pathogens may provide an alternative control measure against bacterial infections.
Toll-like receptors (TLR) play a crucial role in the host innate immune response via the recognition of pathogen-associated molecular patterns (PAMP; Jin and Lee, 2008) . Ten members of the chicken (Ch) TLR family have been identified, including TLR1 type 1 and type 2, TLR2 type 1 and type 2, and TLR3, 4, 5, 7, 15, and 21 (Brownlie and Allan, 2011) . Chicken TLR1 type 1 and type 2, as well as ChTLR2 type 1 and type 2, cooperatively recognize bacterial peptidoglycans, lipopolysaccharides, and liquids, which constitute the bacterial cell wall components. Chicken TLR4 recognizes bacterial lipopolysaccharides (Higuchi et al., 2008) , whereas ChTLR5 recognizes the bacterial flagellum (Keestra et al., 2008) . Chicken TLR15 recognizes some bacterial components and plays important roles in the chicken immune response to Salmonella, Escherichia coli, and Enterococcus (Nerren et al., 2010) . Chicken TLR21 recognizes microbial DNA and synthetic oligodeoxynucleotides (ODN) containing CpG dinucleotides (Keestra et al., 2010) . Additionally, ChTLR3 and ChTLR7 recognize viral RNA (Philbin et al., 2005) . Chicken TLR1, 2, 4, 5, and 15 are located on the cell surface, whereas ChTLR3, 7, and 21 are located in the cytoplasm (Brownlie and Allan, 2011) .
Our previous studies demonstrated polymorphisms in ChTLR1 type 1 and type 2, ChTLR2 type 1 and type 2, and ChTLR5 (Ruan et al., 2012a,b; Ruan and Zheng, 2011) . In this study, we report polymorphisms in ChTLR4, 15, and 21 in different chicken breeds and focus on ChTLR polymorphisms involved in bacterial recognition.
MATERIALS AND METHODS
We chose different chicken breeds, including the following: the White Leghorn layer chicken (white shell layer); the Hy-Line variety Brown layer chicken (brown shell layer); the China Beijing White 939 layer chicken (pink shell layer); the China Nongda No.3 layer chicken (pink shell layer); the Luhua meat chicken, which originated from the American Plymouth Rock variety; the Royal meat chicken, which originated from the United Kingdom; the White-Feather Silky dual chicken, which is characterized by white feathers and black bones; the China Beijing Fatty meat chicken; and the Laiwu Black meat chicken, which is characterized by its shape. The chicken breeds used in this study were obtained from the Beijing Poultry Breeding Center (Beijing, China). Four individuals were collected from each breed. All procedures were approved by the Animal Care and Use Committee of China Agricultural University (Beijing, China).
Total RNA was obtained from the spleens using TRIzol (Invitrogen, Carlsbad, CA). M-MLV reverse transcriptase (Promega, Madison, WI) was used for cDNA synthesis. The cDNA synthesis was confirmed by amplifying the β-actin amplicon by PCR. The 3 pairs of primers used to amplify the full open reading frame were designed based on the consensus sequences of TLR4, 15, and 21 mRNA of Gallus gallus: ChTLR4
reverse, 5′-AAACTCTGTT-CTGGGGAAGAAAAGCACTT-3′. Pfu DNA polymerase (Promega) was used for the PCR reaction.
The coding sequences for ChTLR4, 15, and 21 have been deposited in GenBank. The accession numbers are: ChTLR4: JQ711147 (RY), JQ711146 (BW), JQ711148 (LB), JQ711149 (HL), JQ711150 (LH), JQ711151 (NN3), and JQ711152 (BF); ChTLR15: JN544183 (RY), JN544181 (BW), JN544184 (LB), JN544185 (HL), JN544186 (LH), JN544187 (NN3), JN544189 (BF), JN544182 (WL), and JN544188 (WS); ChTLR21: JQ042910 (BW), JQ042911 (WL), JQ042912 (HL), JQ042913 (NN3), and JQ042914 (WS). The nucleotide and amino acid sequences of ChTLR4, 15, or 21 were aligned with MegAlign analysis software (DNAstar Inc., Madison, WI). The extracellular, transmembrane, and cytoplasmic domains of these protein sequences were predicted with the analysis tools provided on the web (http://smart.embl-heidelberg.de). The crystal structure of the ChTLR extracellular domain was predicted by the CPHmodels 3.0 Server (www.cbs.dtu.dk). The amino acids corresponding to nonsynonymous SNP in the extracellular domain were visualized by PyMOL v0.99.
RESULTS AND DISCUSSION
Different chicken breeds display varied sequence patterns in their ChTLR. The amino acid sequence analysis of ChTLR4, 15, and 21 indicates that there are 9, 15, and 7 sites of varied amino acid sequence, respectively ( Figure 1 ). In ChTLR4, 8 polymorphic sites (K83E, R261K, D301E, R343K, F427V, P551T, E574D, and R611Q) are located in the extracellular domain, while 1 polymorphic site (K741R) is located in the cytoplasmic domain (Table 1 ). The TLR4 genes are associated with human susceptibility to bacterial infections. Additionally, it was reported that polymorphisms in TLR4 were associated with susceptibility to cancer, Streptococcus and Haemophilus influenzae infection, pyelonephritis, giant cell arteritis, urinary tract infection, and meningococcal disease in humans (Ragnarsdóttir et al., 2010; Liadaki et al., 2011) . In ChTLR15, 14 polymorphic sites (48K, E158K, D165N, R177K, R180K, A191P, E217K, E309A, L332F, and K389R) are located in the extracellular domain, while 1 polymorphic site (R696K) is located in the cytoplasmic domain. Most 3 Synonymous (n = 9) and nonsynonymous (n = 9) substitution.
*These polymorphic sites have been reported previously.
polymorphic sites are located in the distal one-third of the N-terminal domain, which may influence the recognition function of ChTLR15 (Table 2 ). In ChTLR21, 5 polymorphic sites (V189A, R368Q, T455A, L602P, and L650P) are located in the extracellular domain, while 2 polymorphic sites (L824P and R891L) are located in the cytoplasmic domain (Table 3) . In previous reports, TLR9 polymorphisms, similar to ChTLR21 in their ability to recognize CpG ODN in humans, were associated with human susceptibility to bacterial meningitis, sepsis, hemorrhagic fever, and Crohn's disease (Chen et al., 2011) . Toll-like receptor polymorphisms may have a profound influence on host responses to a wide range of pathogens and therefore may be associated with disease resistance or susceptibility (Misch and Hawn, 2008) . Chicken TLR4, 15, and 21 are involved in the recognition of bacterial components and Salmonella in the innate immune response. It was reported that 5 amino 3 Synonymous (n = 12) and nonsynonymous (n = 15) substitution. 3 Synonymous (n = 7) and nonsynonymous (n = 7) substitution.
acid variants (G225E, D301E, R343K, Y383H, and R611Q) of ChTLR4 were associated with chicken susceptibility to salmonellosis (Leveque et al., 2003) . We found 9 different polymorphic sites in ChTLR4, with 3 polymorphic sites (D301E, R343K, and R611Q) that have been previously reported (Leveque et al., 2003) and 6 polymorphic sites (K83E, R261K, F427V, P551T, E547D, and K714R) that we report here for the first time. Additionally, we also reported novel polymorphic sites in ChTLR15 and 21. These polymorphic sites in ChTLR4, 15, and 21 may be involved in the resistance or susceptibility of chickens to Salmonella infection. Toll-like receptors are type I transmembrane proteins with a large extracellular domain composed of leucinerich repeats (LRR), a transmembrane domain, and a cytoplasmic Toll/interleukin-1 receptor (TIR) domain. The LRR are involved in PAMP recognition. The TIR domain shares similarity with the interleukin 1 (IL-1) receptor, which is highly conserved and interacts with adapter proteins such as myeloid differentiation factor (MyD88; Jin and Lee, 2008) . Because LRR and C terminal LRR are ligand-binding domains (Jin et al., 2007; Jin and Lee, 2008) , the variation of amino acids in LRR domains in ChTLR4 (K83E, P551T, and E574D), ChTLR15 (F77L, V82F, E309A, and K389R), and ChTLR21 (V189A, R368Q, T455A, L602P, and L650P) might affect PAMP recognition by ChTLR. Because TIR is the functional domain involved in subsequent recruitment of intracellular adapter proteins (Jin and Lee, 2008) , the amino acid variation in the TIR domain of ChTLR4 (K714R) and ChTLR21 (L824P and R891L) might be connected with signal transduction mediated by ChTLR. To put the observed polymorphic sites in a functional context, we visualized the variable amino acid positions in the 3-dimensional structures of ChTLR4 extracellular domain using the crystal structure predicted by the CPHmodels 3.0 Server (www.cbs.dtu.dk; Figure 1 ). It is likely that mutations of the external polymorphic sites may have a greater effect than that of the internal sites. Amino acid mutations D301E and R343K were located in the external parts of ChTLR4 (Figure 1 ). These polymorphic sites might influence PAMP recognition. It is possible that the differences in these amino acids will cause subtle differences in the protein structure and thus alter the ligand-receptor binding.
In conclusion, we investigated polymorphic sites of ChTLR4, 15, and 21 among various chicken breeds. Similar to our previous findings in ChTLR1, 2, and 5, we detected amino acid variations in ChTLR4, 15, and 21 in different chicken breeds. We identified 6 new polymorphic sites in ChTLR4 as well as 15 and 7 polymorphic sites in ChTLR15 and 21, respectively. At the level of bacterial recognition, polymorphisms in ChTLR1, 2, 4, 5, 15, and 21 may be associated with resistance or susceptibility of chickens to bacterial infection, such as Salmonella. This basic information may improve the current understanding of variable resistance to bacterial diseases among different chicken breeds. 
